ductions may be univalent in character, with free radicals as intermediates (Waters, 1948; Swallow, 1953 Swallow, , 1954a Barron & Levine, 1952) . On the other hand, an ionic mechanism has been proposed (Burton & Kaplan, 1954) . Recent work on the reduction of diphosphopyridine nucleotide (DPN) by sodium dithionite (Yarmolinsky & Colowick, 1954; Colowick, 1954; Swallow, 1955) supports the ionic mechanism.
In this paper are presented some further experiments on the reduction of DPN by ethanol under the influence of ionizing radiations, a reaction which is believed to proceed through the agency of free radicals. Some of the results have been briefly reported elsewhere (Stein & Swallow, 1954; Swallow, 1954b) .
EXPERIMENTAL
Irradiation arrangementM. Two Victor Maximar X-ray sets were used. One was operated at 220 kvp and the radiation filtered through 1 mm. aluminium, while the other was operated at 190 kvp with the radiation unfiltered. Doses were determined by the FeSO4 method (Miller & Wilkinson, 1952) , the value for the yield being taken as 15-6 molecules of Fes+ produced/100 ev of energy absorbed (Farmer, Rigg & Weiss, 1955) . The dose rate with the 220 kvp set was 640 r/min. and with the 190 kvp set 4000-5000 r/min. The temperature of irradiations was not controlled, and was normally 20-30°. Irradiation vessels were similar to those previously employed (Swallow, 1952) , two sizes of tube being used, to take 1 or 3 ml. of solution.
Deoxygenation of solutions was by the method previously described (Swallow, 1952) . When 3 ml. of solution were to be irradiated in the absence of dissolved oxygen, 1 ml. of water + volatile solute was first evaporated off by the deoxygenation procedure, and allowance made for changes in concentration. It was assumed that the rate of evaporation of each constituent was proportional to its vapour pressure and to its mole fraction in the liquid.
Chemicals. Oxidized DPN (DPN+) was obtained from Sigma Chemical Co., U.S.A. (90% pure) and C. F. Boehringer and Soehne, Germany (100% pure). Reduced DPN (DPNH) was from Sigma Chemical Co. Pig-heart lactic dehydrogenase was kindly given by members Fig. 3 were on undiluted solutions.
RESULTS

Absorption spectra
The effect of X-irradiation on the absorption curve of oxygen-free aqueous solutions ofDPN+ (0.27 mM) containing ethanol (05mS) is shown in Fig. 1 I955 is unstable in alkaline solution it was not considered desirable to investigate this point further.
The substance absorbing at 340 mp. is formed by the action of X-or y-rays on DPN+ under the same conditions as DPNH is formed by the action of alcohol dehydrogenase, except that for the formation of the irradiation product it is essential for oxygen to be absent (Swallow, 1953) . As DPNH also absorbs at 340 my., it is natural to compare the two products. The full absorption curves of the two are shown in Fig. 2 , together with the absorption curve of DPN+. The irradiated solution still contains some unchanged DPN+, and it is apparent that the absorption curve ofthe product is not very different from that of DPNH. Fig. 1 shows that the irradiation product changes in a characteristic fashion on prolonged irradiation, and it was also found that 0-27 mM DPNH in oxygen-free aqueous 0-5M ethanol at pH 7-8 changed in the same way on X-irradiation with a dose of 117 000 r.
Effect of adding acid to irradiated 801ution8
It is known that when DPNH solutions are made acid, the absorption maximum at 340 m,. disappears and is replaced by an increased ab- (Haas, 1936) . Irradiated solution (3 ml.; in O-O1M pyrophosphate buffer, pH 7 8) was acidified with 0.1 ml. N-HCI. DPNH solution (3 ml.) with the same initial optical density at 340 m,. was similarly treated. The changes in absorption spectrum are recorded in Fig. 3 . Addition of 0.1 ml. ION-instead of N-HCI gave a similar change initially, but this was followed by a fairly rapid decrease in absorption at 290 m,. in both cases, which made measurement of the absorption curve difficult. Apparently the substances which absorb at 290 m,u. are themselves attacked in strongly acid solutions.
Reduction of methylene blue An important property of DPNH is that of reducing methylene blue to the colourless leuco form. Diaphorase increases the rate of decolorization, but was not used in the present experiments. 0-27 umi DPN+ (3 ml.; pH 7 8) in oxygen-free 0-5M aqueous, ethanol was irradiated with an X-ray dose of 39 000 r. A stream of nitrogen was then bubbled through at 230 for 20 min. to remove acetaldehyde. It was found that this solution would decolorize 0.05 ml. of rm methylene blue in 18 min. In a control experiment it was found that 1 ml. of 0-27 mi DPNH at pH 7-8 in 0-5M ethanol would decolorize the same amount of methylene blue in 20 min.
Fluore8cence
DPNH, in common with many other nicotinamide derivatives, has the property of fluorescing in the visible region of the spectrum under illumination with Wood's light (Sumner & Somers, 1947) . It was found that 0 1 mM DPNH in aqueous 0-5M ethanol at pH 7-8 exhibited an intense palegreen fluorescence, but a 0-1 mmx DPN+ in aqueous ethanol did not fluoresce. Solutions of the irradiation product, whether prepared at pH 7-8 or 10-2, exhibited only a barely detectable fluorescence. The lack of fluorescence was not due to quenching by acetaldehyde, for when a small quantity of the latter was added to a DPNH solution the fluorescence was unaffected. More conclusively, it was found that the addition of a small quantity of DPNH to an irradiated solution instantly produced the characteristic fluorescence. The lack of fluorescence proves that the irradiation product cannot be identical with DPNH.
Coenzyme activity
That the irradiation product differs from DPNH was confirmed by an experiment with lactic dehydrogenase. 0-27 mm DPN+ (3 ml.) in oxygenfree aqueous 0B5M ethanol at pH 7-8 was irradiated with an X-ray dose of 39 000 r. 10 mx Sodium pyruvate (0 1 ml.) was added, and, at t= 0, 0 1 ml. of a lactic dehydrogenase solution was added (Fig. 4) . The optical density at 340 m,u. remained constant, showing that the enzyme was unable to catalyse the oxidation of the irradiation product by pyruvate. In order to prove that this could not be due to the presence of an enzyme inhibitor in the solution, a small amount of solid DPNH was added at t= 15 min. The optical density at 340 m,. increased as a result of adding DPNH, and instantly began to decrease at the rate usual for pure DPNH solutions. The final pH of the solution was about 7 0, as the enzyme solution added was buffered to about this pH. Similar results were obtained for solutions irradiated at pH 10-2. A test with yeast alcohol dehydrogenase gave the same result. 0-36 mm DPN+ (40 ml.) in aqueous, oxygen-free 0-46M ethanol at pH 7-7 was irradiated with an X-ray dose of 45 000 r. When 3 ml. were placed in a spectrophotometer cuvette the optical density at 340 m,u. was found to be 0 77. Alcohol dehydrogenase solution (0.15 ml.) was added, and the optical density increased to 0 96, due to the enzyme-catalysed reduction of residual DPN+ by ethanol. 0-5M Acetaldehyde (0.15 ml.) was then added and the optical density found to decrease immediately to 0-74, showing that the DPNH was completely oxidized by the enzyme, but that the irradiation product was unaffected. The final pH of the solution was found to Vol. 6I 199 A. J. SWALLOW be 6-9, the explanation being that the enzyme was dissolved in a buffer of about this pH and the acetaldehyde had an acid reaction.
Reduction of DPN+ by 8ub8tance8 other than ethanol Experiments were performed to discover whether substances other than ethanol would cause the pro-. duction of an irradiation product absorbing at 340 m,u. Oxygen-free aqueous solutions of DPN+ (0-27 mm) were prepared in 0-01M sodium pyrophosphate-HCI buffer in presence of other substances at either 0-5M or 00-1m concentration (pH 7-8). 0-5M solutions were irradiated with X-ray doses of 39000 and 78000r, and OO1M solutions with doses of 39 000 r only. The absorption curve of each solution was examined for the presence of a maximum at 340 m,. In some cases definite absorption bands appeared at 340 m,. as with 0-5m ethanol. In other cases it was obvious that there was no band at 340 m,u. Results are fluorescence when examined under Wood's light. Solutions containing the substances at 0-5M concentration were also irradiated in presence of dissolved oxygen, and under these conditions no product absorbing at 340 mit. appeared in any case.
The absorption curves of DPN after irradiation in presence of 0-SM formic acid at pH 7-8 (oxygenfree) were different in type from any of the others in that they showed an unusually large increase in optical density in the region 290-300 m,.
Role of hydrogen atoms in the reduction of DPN+ It was thought of interest to examine the effect of free hydrogen atoms on DPN+. Experiments were performed with a palladium diffusion apparatus of the type used by Mee & Sutton in their study of the effect of hydrogen atoms on catalase (Sutton, 1952) .With a current of 1A it was first shown that 3 ml. of 0-3 mM methylene blue could be about 70 % decolorized in 1 hr. It was oxidized in 1 hr., whereas with no current flowing a control showed only 6 % oxidation. It was found that the ultraviolet absorption spectra of 3 ml. portions of 0-3 m& DPN+ at pH 7-8, 10-2 or 13-0 were unaffected after treatment for 1 hr. at 1 A (oxygen-free).
The yield of molecular hydrogen in oxygen-free solutions irradiated with a dose of 31000 r has been determined. Two 100 ml. lots of 0-27 mm DPN+ containing 0-5M ethanol in 0-O1m sodium pyro-
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phosphate-HCl buffer at pH 7-8 were irradiated. The amounts of gas present in the two lots were 0-18 and 0-21 ml. (corrected to s.t.p.). On combustion with 0-29 and 0-25 ml. oxygen respectively the total volumes became 0-20 and 0-22 ml. respectively. The amounts of hydrogen are given by two-thirds of the decrease in total volume on combustion, and are 0-18 and 0-16 ml., respectively. The second value is lower than the volume of gas in the irradiated solution, but the result is probably within the experimental error. The yield for the production of molecular hydrogen (G) is calculated from the mean of all four volumes to be 3-2 molecules produced/100 ev absorbed. In similar experiments with no DPN+ present, ethanol solutions gave 0-17 and 0-21 ml. gas, and after combustion with 0-29 and 0-25 ml. oxygen the residual volumes became 0-24 and 0-22 ml. respectively. From these results G = 2-8. This experiment shows that the yield of hydrogen in irradiated aqueous ethanol is almost independent of the presence of DPN+.
Reaction of thiol radicais with DPN Theorell & Bonnichsen (1951) have discovered a compound of liver alcohol dehydrogenase with DPNH which absorbs at 325 m,., the formation of which appears to be associated with the presence of thiol groups in the protein. They found that simple thiol compounds did not react with DPNH. Experiments were conducted to determine whether free thiol radicals, prepared by irradiating cysteine solutions (Swallow, 1952) 
DISCUSSION
In a previous publication (Swallow, 1953) it was shown that irradiation with y-rays of DPN+ in oxygen-free aqueous solutions containing ethanol resulted in the production of a substance absorbing at 340 m,u., taken to be reduced DPN. The results given here show that this substance can also be produced by X-rays, and Barron, Johnson & Cobure (1954) have also reached this conclusion. It should be noted that values of the yield of irradiation product calculated by Barron et al. from figures published previously (Swallow, 1953) should be multiplied by four. The agreement between the yields of Barron et al. and those obtained by the present author is quite good.
Nature of the irradiation product The lack of fluorescence of irradiated solutions, and the experiments with lactic and alcohol dehydrogenases appear to prove conclusively that the irradiation product is not identical with enzymically reduced DPN. It is therefore surprising that Barron et al. concluded that half the product consisted of DPNH. On the basis of the experiment with alcohol dehydrogenase reported here (which wasperformed after seeing the paper of Barron etal.) it is suggested that their experiment is capable of a different interpretation to the one given. They partly evaporated their irradiated solutions to remove acetaldehyde and some of the ethanol, and then added alcohol dehydrogenase. At t= 0 min., acetaldehyde was added and measurement made of the rate of decrease in optical density at 340 m,. It is now suggested that in their experiment the removal of ethanol was not complete, and when alcohol dehydrogenase was added some of the excess of DPN+ became reduced to DPNH. On adding acetaldehyde the DPNH was reoxidized, leaving only the irradiation product. If we assume the rate of evaporation to have been proportional to the vapour pressure and the mole fraction of each constituent, and that the solution was evaporated to 0-34 of the original volume, then the ethanol concentration in the solution to which enzyme was added would be 0-022M. Taking Racker's (1950) value for the equilibrium constant ofthe alcohol-dehydrogenase reaction as 1-15 x 10-11 and assuming that none of the irradiation product is DPNH, it can be shown that at t= 0 min. the optical density of the solution used by Barron et al. should have been 0-72, and that this should have been reduced to 0-41 on adding acetaldehyde. Actually, they found 0-83 reduced to 0-41, in remarkably good agreement.
Although the irradiation product is not identical with DPNH, its other properties show that it cannot be very different, and in particular that it is a reduced form of DPN+. Experiments on the irradiation of N'-methylnicotinamide, which is a good model for DPN (Rafter & Colowick, 1954) , are in agreement (Stein & Swallow, 1954) . It can therefore be stated with confidence that the 201 Vol. 6I
A. J. SWALLOW irradiation product is a form of DPN reduced at the nicotinamide end of the molecule, but not in the ordinary way at C4 in the pyridine ring.
Reaction mechani&m It is highly probable that when water is irradiated with X-or y-rays, the main primary act is the formation of free hydrogen atoms and free hydroxyl radicals (Weiss, 1944): H2Ow-÷H + OH. In the presence of a solute capable of being oxidized in two steps, the following general type of reaction may occur (Stein & Swallow, 1954) :
OH+AH2 -H20 + AH.
If a second solute is present at low concentration, it will be exposed to the action of free hydrogen atoms and radicals of the type AH. Both are possible reducing agents. Some evidence for believing that DPN+ is reduced by an organic free radical rather than by hydrogen atoms has been given previously (Swallow, 1953 (Yarmolinsky & Colowick, 1954; Colowick, 1954; Swallow, 1955) . It is difficult to avoid the conclusion that dehydrogenase action has more in common with the ionic reaction than with the free-radical one.
The role of the thiol group on the enzyme is of special interest with reference to alcohol dehydrogenase action. Mackinnon & Waters (1953) have suggested that the thiol group might form a free thiol radical which might initiate the reaction. However, it is not easy to see how the thiol radical itself could be formed. Also, the experiments with cysteine reported here have failed to show any interaction between cysteine and DPN+ or DPNH under conditions where free radicals are present. On the other hand, the idea that the thiol group forms a hydrogen bond with the nitrogen atom of the pyridine ring (Kaplan & Ciotti, 1954; Swallow, 1954a) (Theorell & Bonnichsen, 1951 ) that the alcohol dehydrogenase-DPNH compound absorbs at a shorter wavelength than DPNH itself. That DPNH can exist in an enzyme-substrate compound as a cationic form receives still further support from work by Rafter & Krebs (1954) , who have shown that DPNH is unstable in the presence of yeast glyceraldehyde 3-phosphate dehydrogenase, and the product of breakdown has the same ultraviolet absorption spectrum as the product obtained by the addition of dilute acid.
If it is true that alcohol-dehydrogenase action proceeds through an ionic mechanism, then it would be interesting to demonstrate some form of chemical interaction between the substrate and DPN+ (Burton & Kaplan, 1954) . Although this has not yet been found possible with ethanol, the discovery that lactic acid appears to react chemically with DPN+ (Swallow, 1955) may be equally significant. SUMMARY 1. Oxygen-free aqueous ethanolic solutions of DPN+ give a product absorbing at 340 mpu. when irradiated with X-rays.
2. The product has a similar ultraviolet absorption spectrum to DPNH, and the spectrum changes in the same way on longer irradiation or on acidification. The product, like DPNH, will reduce methylene blue.
3. The irradiation product differs from DPNH in that it does not fluoresce, and in that it does not fimetion as a coenzyme for lactic or alcohol dehydrogenase. 4 . A number of other substances can be substituted for ethanol, but no product appears when irradiated solutions contain dissolved oxygen. Similarly, schradan is converted by mammalian liver slices in the presence of oxygen into the phosphoramide oxide and other products which are powerful inhibitors of cholinesterase (Dubois et al. 1950; Aldridge & Barnes, 1952; Kilby & Gardiner, 1952; Casida, Allen & Stahmann, 1954) . This conversion has also been shown to occur in the liver in vivo (Cheng, 1951) . However, the conversion does not occur in liver suspensions in the presence of oxygen. It therefore seemed interesting to investigate the difference between rat-liver slices and suspensions and to study the nature of the systems involved in the metabolism of parathion and schradan.
Since at 370 the conversion in vitro of both organophosphorus compounds is stopped after freezing, heating or dispersing the liver, it is concluded that enzymes probably participate in the process. It seemed possible that on dispersing the liver in buffer either an enzyme or a coenzyme was inactivated. It has now been found that the
